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Abstract

Outdoor remote temperature measurements in ther@ufirange can be very inaccurate because of flherige
of solar radiation reflected from a measured objectase of strong directional reflection towards easurin
device, the error rate can easily reach hundredse as the reflected signal adds to the theemédsion of a
object. As a result, the measured temperature hrhigher than the real onérror rate depends mainly on

emissivity of an object and intensity of solar etitin. The position of the measuring device witlerence to a
object and the Sun is also important. The methodarpensation of such undesirable influence ofr
radiation will be presented. It is based on sirmdtaus measurements in two different spectral bastust-
wavelength and long-wavelength ones. The temperatuan object is derived from lovgavelength data onl
whereas the short-wavelength band, tbgective one, is used to estimate the solar radidevel. Both banc
were selected to achieve proportional changesebthiput signal due to solar radiation. Knowing tékatior
between emissivity and solar radiation levels ithbgpectral bandst is possible to reduce the measurel
error several times.

Keywords: intensity of solar radiation, emissivipyrometry, radiometric temperature measurements.
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1. Introduction

Results of remote temperature measurements of hoiwsevity objects can be very
inaccurate when the objects are under strong isalaEspecially, such a measuring situation
should be avoided when solar radiation reflectedtionally from a surface the temperature of
which is measured. In some cases, various curtainsbe used limiting the solar radiation
effect. The problem of solar radiation disturbingamatic temperature measurements is still
unsolved.
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Fig. 1. Measuring set-up for investigations of sadiation influence on object temperature measunésne
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A measuring set-up has been built for investigatiohsun radiation influence on the error
of temperature measurement in field conditions.(Ejg The temperature of metal plates S1—
S5 having various emissivities was measured. Theeplwere subsequently situated inside
a housing to have them in the field of view of arthovision camera. The distance between
the camera’s objective and the plate was 120 cm.

Sun radiation reaches the examined plate througltangular hole cut in the front wall of
the housing to illuminate only a part of the invgsted plate. Due to this, simultaneous
measurement of the temperature of the plate’srpadhed by sun radiation (in Fig. 1 denoted
with lighter colour) and the part not reached by sadiation (darker colour) is made. Sun
rays, after reflection from the investigated plgieopagate along an optical axis of
a thermovision camera (Fig. 2).

Fig. 2. The overall view of the test stand.

In order to eliminate the heating effect in thedstigated plates caused by incident sun
radiation, a rectangular hole was opened onlyfermheasurement duratiare., for about 2 s.
The temperature of the investigated plates waedtatth a heater and monitored with
a thermometer.
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Fig. 3. Spectral emissivity of S1-S5 plates.

The spectral emissivity of the plates was deterthinesing a Specord 71 IR
spectrophotometer (Fig. 3). The emissivity averafgeda given range of camera operation
was introduced into a thermovision camera. Fighdws a thermogram of a plane, painted
aluminium plate illustrating the influence of theflected solar radiation on the measurement
result. The real temperature of the plate was 28bh€ rectangular area that can be seen in
the figure was illuminated with sun light (intenysitf 24 WGm ™) only for the time of the
thermogram performance.
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Fig. 4. Thermogram of a plate, with an emissi¥ity 0.9 and temperatuile= 285 K, illuminated by solar
radiation, made with a thermal imaging camera Tlae@AM SC3000 working in the 8-n infrared range.
Below, the profile of temperature distribution ajathe straight line.

The values of temperature at the illuminated and-ihominated areas of the same
element can differ even from several to hundredekey[1]. In such a case, the measurement
should be repeated several times at various ols@mvaoints. When an object’s surface is
not plane, an effect of reflected sun radiation banobserved even after the change of a
camera position with reference to an object. FopiRometers, in which the result is not
presented as a thermogram but as a single valtezpiatation of the result is much more
difficult. The trials are undertaken to reduce ih8uence of solar radiation on remote
temperature measurements [2].

At present, there are no available pyrometers Ilgasircorrection system or a system for
solar radiation elimination. Some special multigp@gyrometers are known which deliver
the information about the measurement error cabgexblar radiation [3] and the necessity of
measurement repetition.

2. Model for deter mination of object temperature
2.1. Taken symbols

Energetic exitance of an absolute blackbody of emampireT, for a given spectral range
A1/, results from the PlandW(T) relation.

Optics Doq
Object S, A
=1 IFOV = "/[L
— f Detector
R r

Fig. 5. Geometrical relations in an optical unittwihe object focused on a detect8r-{ working aperture of
optics,S; — field of view,R — distance between object and optics,distance between optics and detector,
Dopt — diameter of optics,— optics focal length).

The power of radiation reaching the detector'saefis (Fig. 5):
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P(T) = gM(T), (1)
whereq is the construction constant resulting from theopyeter design (Fig. 5):
IFOV Y’
q= ( Doptthj . (2)

A design coefficient can be written in an equivalienm [4, 5]:
A

r
4F2(1+ j

R

whereAq is the detector area or a single pixel in a deteatray and= — number (ratio of
focal length to working aperture).

q= 3)

2.2. The Sun radiation

In real measuring conditions, the power of radratreaching the input aperture of an
optical system of a measuring device depends onynf@ctors. The most important are
radiant properties of the object itself which asteimined by its temperature and emissivity.
In measuring practice, most frequently the emisgivalue is not known and even the use of
tables does not ensure assumption of its propeev#l is because the emissivity depends on
such factors a%.g, structure and oxidation degree of a surfaceeitgperature, observation
direction, and spectral range for which it will Betermined or sometimes will be eliminated
by some, specially designed, optical system foissivity compensation [8, 9].

The Sun radiation temperature is approximately 3908 spectral distribution of solar
radiation is best approximated by the spectralriigtion of an absolute blackbody with
a temperature of 5770 K, the size of which corresigsdo Sun’s size [4]. This body emits the
same radiation in all directions. Before it reacties Earth, it is absorbed or scattered in the
atmosphere. The ratio of solar radiation intengitgasured outside the Earth atmosphere
E«(1) to the intensity of solar radiation reaching tharth surfaceEg(1), determined for
particular wavelengths is called the spectral pafriigy coefficient of the earth atmosphere
(). A detailed determination ofg(1) requires consideration of a lot of factors and
parameters describing the atmosphere. The most iamoare: content and condensation
degree of steam, temperature, atmospheric pressuckness of Earth’s atmosphere and
concentration of gas and aerosols contained in it.

The intensity of the total solar radiatidy, in the chosen spectral rangg-1,, can be
determined as:

Es = j re(1) E(A) du 4

The spatial distribution of a solar radiation beafter its reflection from the object’s
surface, depends on the type of radiation reflacim 6]. It can be a specular reflection
(regular reflection), occurring for the reflectidnom a plane polished surface, diffuse
reflection occurring for the reflection from a rdugurface, directional diffuse reflection
(mixed reflection, hybrid reflection) showing theatures of both specular reflection and
diffuse ones. Thus, spatial distribution of soldtexion reaching a detector depends on a
surface’s structure and its roughness [7]. The cadgespecular reflection and diffuse
reflection are extreme ones and rarely occur idityeal'he solar radiant exitancBs for
directional diffuse reflection can be expressed as:
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R-f) IFOV )’
P = Ad(f] ES:(ZRtgzj E,,a=p8 (5)

qE, a#p

wherea is an angle incidence of solar radiation ghd an angle reflection of solar radiation.

Among other factors affecting the power of radiati@aching the input aperture of an
optical system of a measuring device, the followsgors should be mentioned: the radiation
reflected from an object’s surface, absorptionwel as dissipative and radiant properties of
the atmosphere. The total power of radiation reagkie input aperture of an optical system
can be expressed for typical measuring conditigiéja

R =0, [(P(T) +(1-7,) (R(T)+(1-&) & ,OR(T,), (6)

wheree is the object’s emissivity, is the atmosphere transmission coefficient betwhen
object and the optical syste®(T) is the radiant exitance of a blackbody of thegeratureT,
exitancePy(T,) is the radiant exitance of atmosphere of tempesal,, andPy(Ty) is the
radiant of the ambient of temperaturg. If we assume that each of the components of the
radiant exitancej.e., P(T), Pa(Ty), and Po(To), generates at the detector output, a signal
voltage proportional to this powdd(T), Ua(Ta), Uo(Tor), respectively, the expression for the
total value of a voltage signal is as follows:

U, =7, (M) +(L-7,) U, (T,)+(1- ) 7,0 (T,). (7)

In devices in which the above relation is used tloe determination of the object’s
temperature, the user should estimate and introthéceorrections for such parameters as: the
object emissivity &', the coefficient of atmosphere transmissiop’, the atmosphere
temperatureT, ', and the ambient temperatufg '. By solving Eq. (6), with respect 1d(T),
and considering the introduced corrections we have:

U(TO)= 1 U _1_,Ta,
£ ET,

1 1 Cc

T

a

U,(T) -5 uy(T,). ®)

Knowing the value of the voltadé(T,), the object’'s temperatuiie can be determined on
the basis of a calibration characteristic of theicke The subscripb is introduced to
distinguish a calculated value from a real one. Télative error of the object temperature
determination:

5 =1 T'TO 100%, ©)

(o]

depends mainly on the difference between the r@aleg of the parameters of Eq. (7) and the
introduced ones. It should be noticed that using iethod, the assumption was taken that
particular components of radiation are describedLbynbert’s law, what in the case of
specular reflection and directional diffuse refiewtis not fulfilled.

2.3. Calculation results

It was taken for the above presented mathematesdrgption of phenomena that for short
distancesz,=1. Exemplary calculations were carried out for daisgadiation spectrum
determined with the PcModWin 3.0 program for a swen@etmosphere, country conditions,
visibility of 23 km, and a deviation angle of tharSfrom the zenitl®,=30°. Total intensity of
solar radiation Es) was calculated for typical operation ranges afiglavavelength IR
pyrometers and thermal camerias, 8—9um, 8-12um, and 7.5-13m (Fig. 6).
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Fig. 6. Total solar irradiance vs. zenith salagle for selected infrared ranges.
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Fig. 7. Calculated relative error of temperatugdiag for an object with emissivity:= 0.6 anc: = 0.9; for
three infrared ranges. Summer model atmosphereuaabprofile of aerosolis = 23 km;0; = 50°.

For calculations of the relative error of a tempam®a reading, the following values of
input parameters were assumé&k120 cm,f=3.5 cm, Dyp=5 cm, IFOV=1.1 mrad, and
T=243-363 K. The values of the relative temperaéurer of objects with emissivity=0.9
ande =0.6 are presented in Fig. 7.

It results form the obtained results that the netaerror of temperature measurement is
caused by solar radiation and depends both on lijextts emissivity and its temperature.
Also, it depends on the width of the detection bandgeneral, a narrower bandwidth for
a constant initial wavelength gives a larger ethan broadband. It results from the fact that
the power of object radiation decreases in relatothe power of solar radiation reflected
from it. Moreover, the error increases with inciegsntensity of solar radiation.

3. Measurement method

The method of temperature measurement of an objedér solar radiation consists in
simultaneous measurements of a radiant exitandkeirshort-wavelength band 2.4—-3uwh
and in the long-wavelength band. The observatiea af an optical system is identical for
both bands (Fig. 8). The short-wavelength bandgisificantly far from the long- wavelength
band. Thus, no signal changes at the detector putpused by object radiation in this band
are observed. The actual temperature measuremardds in the long-wavelength band but
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the short-wavelength band is used only for detactid solar radiation reflected from an
object.

Fig. 8. Scheme of a pyrometer with the unit fomseadiation compensation: 1) measurement fieldg2ics;
3) signal processing; 4) correction set of sadaiation; 5) signal analysis set.

When an object is illuminated with solar radiatitime signal value increases at the outputs
of both detectors. Knowing the signal value atdbgut of a short-wavelength detector, the
signal value at the output of the long-wavelengttedtor should be corrected, the same the
error of temperature readout caused by addingdfhected solar radiation should be reduced
or totally eliminated. The correction is made bysituting the value of the signal measured
in the short-wavelength band into the correctiomcfion and thus, the obtained signal value
is subtracted from the signal measured at the \eanggelength detector output. It should be
mentioned that the object’s emissivity in the shwaielength band can be different than in
the long-wavelength band. The device user hasdwkhe emissivity values.

Basing on calculations with the PcModWin 3.0 progrand using the characteristics of
solar radiation intensity obtained with the SR-5G@@ctroradiometer, it can be shown that
the changes of solar radiation in 2.4—3M band are best correlated with the changes of sola
radiation in the long-wavelength range (LWIR). AcdEase/increase in solar radiation
intensity in the 2.4-3.4m range is accompanied by a decrease/increase wathe of solar
radiation intensity in the long-wavelength rangéus, it is possible to determine the solar
radiation intensity in the LWIR band as a functminsolar radiation intensity in the 2.4-3.4
um range for any type of earth atmosphere.

To verify the above statement:

— 180 spectral distributions of solar radiation ire tbWIR range were analyzed. These
distributions were obtained with the PcModWin piogr for the following models of
atmosphere: Tropical, MidLatitude Summer, MidLad#WWVinter, 1976 US Standard, for
various aerosol models Rural \H33 km, Rural VIS5 km, Navy Maritime, Maritime
VIS=23 km, Urban VIS5 km, and sun deviation angles from the Zenitmfi@® to 80°
with a step of 10°;

- total intensity of solar radiation in the correctiband 2.4-3.4m and in selected long-
wavelength detection ranges &#8, 8—-12um, and 7.5-13m was determined;

— the obtained data were approximated with a thimgkele polynomial of the form:

Ecw=a(Essa) +a(Ess) * E ot 8 (10)

whereEs,swis the intensity of solar radiation in the shodawelength correction band of 2.4—
3.4um, Es, w is the intensity of solar radiation in the seldatietection ranges 8+n, 8-12
um, or 7.5-13um, a—a are the polynomial coefficients determined fortigatar LWIR
ranges. The changes of solar radiation intensithénranges 8—Am and 8-12um, obtained
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from the calculations as a function of solar rdadmatintensity in the band 2.4-3i4n are
shown in Fig. 9 and for the band 7.5+#8 in Fig. 10.
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Fig. 9. Solar irradiance in 8+8n and 8—-12im ranges vs. solar irradiance in the 2.4+3mband.
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Fig. 10. Solar irradiance in 7.5—-1& range vs. solar irradiance in the 2.443@band.

The efficiency of this method can be estimated dysalering the decrease in the relative
error of temperature measurement when the valselaf radiation is compensated according
to Eqg. (10). To do it, the differenaEs between the approximating curve and the real galue
of solar radiation should be determined, i.e. taki® of non-compensated solar radiation in
the process of temperature measurement is equal to:

AES = Es LWIR™ Es LW lﬁl

When AEs=0 uW cnmi?, the measurement of an object temperature willeber-free
(accurate) because the value of the compensatedsity of the solar radiatioBs, w is the
same as its real vall&, wir.

For AEs > OpW cni?, the indicated object’s temperature will be highiean the object
temperature because only a part of solar radiatitiibe compensated. FatEs < O uW cmi?,
the indicated object’'s temperature will be lowearththe object temperature because the
compensated value of solar radiation intensityighér than the real one. It was taken for
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calculations thatAE =+AE,, where AE, is the average value of the intensity of non-

compensated solar radiation:
1 180

iﬁ)z‘,‘ Es LWR st (12)

The valueAE, for the detection bands 881, 8-12um, and 7.5-13m is 0.7uW cn?,

1.9uW cmi?, and 2.24W cmi?, respectively. The calculation results of the maadi error of
temperature measurement using a pyrometric methtbdcampensation of solar radiation are
given in Figs 11-13.

The obtained calculation results confirm the cdmess of the chosen correction band and
the proposed method of temperature measurement. sitedlest errors of temperature
measurements of objects illuminated with solaratolin are obtained for the correction band
2.4-3.4um and the measuring band 7.5+18. The obtained calculation results show that for
the objects with an emissivity> 0.6, i.e., for the majority of industrial object®.¢ zinc
coated sheets or steel sheets), the measured tanmeedoes not differ from the real value
more than 10%.
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Fig. 11. Relative error of temperature readoutrobbject with an emissivity = 0.6 and: = 0.9 for the
measurement band 846n andAEg = +0.7 uW cni
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measurement band 8—fith andAEs = +1.9 uW cn
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Fig. 13. Relative error of temperature readoutrobbject with an emissivity = 0.6 anc = 0.9 for the
measurement band 7.5—181 andAEs = +2.2 uW cni2.

4. Conclusions

A new method of compensation of solar radiationugrice on measurement results
obtained with pyrometers of thermal cameras opagati the IR long-wavelength range was
presented. Computer simulation of this method alda predict that its application in an
algorithm of temperature determination in pyrometand thermal cameras will reduce
measurement errors, in some cases even of oneardegnitude. Basing on the simulations
presented in the article, it is planned to makgrameter model in which the effect of solar
radiation influencing the results of remote tempae@measurements will be reduced.
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